Nucleoli from auxin-treated tissues (Glycine max L. var Wayne or Kaoshiung No. 3) were isolated and purified by Percoll density gradient centrifugation. There was a 2.1-fold increase in RNA and a 2.8fold increase in protein after a 24-h auxin treatment per unit nucleolar DNA. More than 150 acid-soluble protein spots were associated with the auxintreated nucleoli on two dimensional (2-D) gel electropherograms.
A substantial body of literature has established that the synthesis and processing of pre-rRNA occurs in the nucleolus of eukaryotic organisms (2, 22, 29, 31) . The nucleolar organizer region (15) contains several hundred to several thousand copies of rRNA genes which are associated with proteins in the form of nucleolar chromatin. During the transcription of pre-rRNA, several ribosomal proteins become associated with the nascent RNA; this leads to further processing and packaging of the prerRNA in the nucleolus to form ribonucleoprotein complexes termed preribosomal particles or preribosomes (29) .
The nucleolar volume as a fraction of total nuclear volume varies considerably as tissues undergo altered rates of ribosome production. For 3To whom correspondence should be addressed.
volume to as much as 75 per cent of nuclear volume (1, 4) of liver tissue; this increase in nucleolar volume correlates with enhanced rRNA synthesis and accumulation of ribonucleoprotein or preribosome particles in the nucleolus. Auxin treatment of quiescent mature hypocotyl tissue of soybean leads to a dramatic increase in nucleolar volume in association with an 8-to 10-fold increase in the rate of rRNA synthesis (7, 10, 19) . The very large increase in ribosome accumulation following auxin treatment makes the soybean system an attractive model for assessing the relationship between rRNA synthesis and the synthesis of ribosomal proteins (9, 30) as well as for an analysis of the mechanism(s) operative in the modulation of RNA polymerase I activity and nucleolar function (20) . In an earlier paper, we reported on the isolation of nucleoli from auxin-treated soybean hypocotyls and the association of RNA polymerase I with those nucleoli (19 Preparation of Nucleoli. The procedure for preparation of nucleoli was based on the method of Lin et al. (19) with some modifications. Eighty g of precooled tissue were mixed with 80 ml of grinding buffer containing 25 mM Mes-NaOH (pH 6.0), 10 mM KCI, 10 20,000g . After centrifugation, the supernatant was mixed with six volumes of precooled acetone (below 0°C), and the mixture was held at -20°C for at least 3 h. The precipitate was (27) . (5) . RNA polymerase activity measured in the presence of a-amanitin reflects the activity of RNA polymerase I. More than 90 per cent of RNA polymerase activity in the nucleolar fraction was due to RNA polymerase I, and this was restricted essentially to the nucleolar chromatin fraction. The preribosomal particle fraction contained only a small fraction of the total RNA polymerase activity and this was primarily RNA polymerase II activity (Table I) . Thus, the nucleolar fraction and its subtractions were largely free from contamination by extra-nucleolar chromatin.
The DNA:RNA:protein ratio of nucleoli from auxin-treated tissue was 1:4.7:23. The nucleolar preribosomal particle fraction had a DNA:RNA:protein ratio of 1:24:102 and contained only 10 per cent of the total DNA of nucleoli. This small amount of DNA might be due to contamination by nucleolar chromatin fragments or to nucleoplasmic chromatin (Table I ). The nucleolar chromatin fraction contained a DNA:RNA:protein ratio of 1:2.5:14 and about 90 per cent of the nucleolar DNA (Table II) . These values for the distribution of macromolecules and RNA polymerase activities establish separate and distinguishable identities for the two fractions.
Two-Dimensional Gel Electrophoresis of Acid-Soluble Proteins from Nucleoli, Nucleolar Chromatin, Preribosomal Particles, and 80S Cytoplasmic Ribosomes. Acid-soluble proteins from the auxin-treated nucleoli were resolved into approximately 170 protein spots in 2-D gels run according to the methods of Mets and Bogorad (24) (Fig. 1) and about 32 protein spots were resolved from the nucleolar chromatin (Fig. 2) . To ascertain which of the nucleolar chromatin proteins correspond to histones, a comparative analysis of these proteins with histones extracted from untreated soybean hypocotyl nuclei was made. The 2-D gel pattern of soybean histones is displayed in Figure 3 . a RNA polymerase I and II activities were obtained as described previously (7) .
The comparison indicates that the most abundant protein spots in nucleolar chromatin coincided with nuclear histones (from control tissues) (arrows in Fig. 2 ). More than 80 per cent of the acid-soluble proteins associated with the nucleolar chromatin fraction appear to be histones based on intensity of staining. About 78 protein spots were seen in 2-D electropherograms of the preribosomal particle fraction (Fig. 4) . Those acid-soluble proteins were compared with 80S monomeric ribosomal proteins isolated from the root tips of soybean seedlings which were resolved into 87 protein spots (Fig. 5) . Of the 78 protein spots in preribosomal particles, 72 coincide with spots in the 80S ribosomal protein gel. Some 15 of the 87 protein spots seen on the 80S ribosomal protein gel (indicated by arrows in Fig. 5) were absent or substantially reduced in concentration in the preribosomal particles while there were a few proteins (shown by arrows in Fig. 4 ) associated with the preribosome fraction which was absent in the mature ribosome. control and auxin-treated tissue should be the same. Thus, comparison of content of nucleolar components on the basis of 1 ,ug of DNA reflects the relative level of these components in control and auxin-treated nucleoli. Chemical compositions of macromolecules present in nucleoli from control and auxintreated tissues are shown in Table III . There was a 2-fold increase in RNA content and almost a 3-fold increase in protein after auxin treatment. Additionally, RNA polymerase I activity was enhanced about 8-fold as reported previously (10) . The large increase in relative protein and RNA content is apparently the result of a large increase in preribosomal particles and a small increase in nucleolar chromatin proteins correlated with the enhancement of rRNA synthesis and the morphological enlargement of nucleoli.
In addition to the increase in the acid-insoluble proteins extracted from total nucleoli following auxin treatment (Table III) , there are some major qualitative differences in the SDS gel profiles of these acidic proteins isolated from control and auxin nucleoli. As shown in Figure 6 , polypeptides with mol wt of 59,000 and 52,000 D (bands a and b) decreased in intensity in auxin-treated nucleoli. In contrast, an increase in intensity after auxin-treatment was observed for four polypeptides with mol wt of 35,000, 28,500, 27,000, and 18,000 D (bands c, d, e, and f). Generally, it seemed that there was an increase in proteins of low mol wt in treated nucleoli (lane 2), while in control nucleoli some proteins remained at the top of the gel (lane 3).
DISCUSSION
The Percoll gradient procedure used here allows the purification of morphologically intact nucleoli substantially free of cystoplasmic and nucleoplasmic contamination based on a number of criteria. These nucleoli were subsequently fractionated into two distinct components, namely nucleolar chromatin and preribosomal particles. The distribution of nucleolar DNA, RNA polymerase I activity, total RNA, total protein as well as qualitative distribution of basic chromatin and ribosomal proteins between the two fractions establishes the general efficacy of the procedures used. The ability to fractionate nucleoli as outlined here should permit a detailed analysis of nucleolar chromatin for modifications which may relate to the regulation of rRNA syn-thesis during normal developmental transitions and auxin-induced increases in rRNA synthesis and ribosome formation (20) .
The large increase in nucleolar volume following auxin treatment seems to relate directly to the large accumulation of preribosomal particles composed of rRNA and ribosomal proteins within this structure; the relatively small change in the organization/composition of the chromatin may contribute to a limited extent to the enlarged nucleolus. The large increase in volume seems not to relate to any amplification of the rRNA genes during the normal or auxin-induced growth transitions based on earlier analyses (14) . The rDNA of soybean seems to remain at about 2,000 copies per nucleolus during auxin treatment.
The data presented above show both quantitative and qualitative changes in nucleolar chromatin proteins during auxinmediated changes in rRNA synthesis. Detailed analyses of these proteins, including synthesis and possible modification during auxin treatment, should contribute to our understanding of the auxin regulation of rRNA synthesis.
The major acid-soluble proteins present in nucleolar chromatin and preribosomal particle fractions are different. In nucleolar chromatin, the major acid-soluble proteins were histones, while more than 90 per cent of the acid-soluble protein spots associated with preribosomal particles appear to be ribosomal proteins by 2-D gel analysis.
Based on the stain intensity of acid-soluble protein spots on 2-D gels, the relative concentration in each spot was different between the preribosomal particle proteins and the 80S cytoplasmic ribosomal proteins. During the maturation of preribosomal particles to 80S cytoplasmic ribosomes, the relative amount of ribosomal proteins may change. In preribosomal particles, two subclasses of acid-soluble proteins differing in biological function and kinetics of labeling have been reported (30) . One subclass is composed of ribosomal proteins which are rapidly synthesized and are transported out of the nucleus. The other subclass is thought to function in the processing of preribosomal particles. Proteins of the latter subclass turn over very slowly and remain in the nucleolus during most of the cell cycle. Under normal circumstances, a constant amount of preribosomal particles is maintained in the nucleolus due to a dynamic balance between the synthesis of new preribosomal particles and transport of processed preribosomal particles out of the nucleoli. Therefore, the nucleolus maintains a constant size. As soon as this dynamic balance is lost, a change of nucleolar size occurs.
These studies provide a base of knowledge essential to the pursuit of the mechanism(s) by which auxin enhances rRNA synthesis by as much as 8-to 10-fold on a per unit DNA or 15-to 20-fold on a per unit of tissue basis (e.g. soybean hypocotyl) (11) . Certainly, a significant proportion of this increased synthesis of rRNA in response to auxin relates to increased levels of RNA polymerase I enzyme and to increased activity of those RNA polymerase I molecules (1 1). Since mature rRNAs (1 8S and 25S or 0.7 and 1.3 x 106 D, respectively) are initially transcribed as a large precursor molecule of about 2.8 x 105 D in some plants (8, 17, 25) and about 2.3 x 106 in others (6, 28) including soybean (15) , the rate of processing of these large transcripts could be involved in establishing the rate of accumulation of new ribosomes. Melanson and Ingle (23) in fact have reported that precursor processing, including a large increase in the rate of processing of the 1.4 x 106 precursor into the mature 1.3 x 106 (25S) rRNA, accounts for a part of the auxin-enhanced synthesis and accumulaton of ribosomes in artichoke tissue. The availability of ribosomal proteins may also play a role in the rate of processing of pre-rRNA and/or accumulation of ribosomes. The level of in vitro translatable ribosomal protein mRNAs has recently been shown to increase by some 8-fold following auxin treatment of soybean hypocotyl (9), a value similar to the enhancement of RNA polymerase I activity following auxin treatment. These data taken together indicate that an understanding of factors involved in enhanced transcription of rRNA and ribosomal protein genes as well as posttranscriptional processing events will be essential if we are to understand normal developmental and hormone-regulated modulations in the rate of ribosome formation. This auxin regulated system should serve as an excellent model for such studies.
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